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(57) Abstract 

The present invention is directed to a macrocapsule for encapsulating 
mkrocapsules containing biologically active material, such as living 
cells or free living cells, to make me system more biocompatible by 
decreasing the surface area and surface roughness of microencapsulated 
biological materials; increasing mechanical stability of microencapsulated 
biological materials; enhancing cytoprotectivity by increasing diffusion 
distance of encapsulated biological material from cytotoxins secreted in 
v/vcr, providing retrievabiliry of mkrasncapsulatcd material; and providing 
a system of sustained release of the cellular products. The method 
for producing such a macrocapsule containing the nucroczpsules is also 
disclosed. 
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. YrP n^rvP rtocqM o^tpt.f. RETRTFVABT.F MACROCAPSULE 
^ THMFOT SYSTEMS ™° RTnT.OfiTCAT T Y ACTTVF MATERIALS 

The present invention relates to a new form of 
biocompatible materials which envelop encapsulated or free 
cells to provide an immune barrier. The resulting 
encapsulated material is generally small, but macroscopic, 
5 so that it is retrievable in situ. More specifically the 
present invention relates to a composition and system for 
treatment of diabetes. 

R&nfr.pmmn of the tnvention 

Diabetes Mellitus is a serious disease afflicting 
10 over 100 million people worldwide. In the United States, 
there are more than 12 million diabetics, with 600,000 new 
cases diagnosed each year. Insulin-dependent, or Type I 
diabetics, require daily injections of insulin to prevent 
them from lapsing into coma. 
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With the discovery of insulin in 1928, it was 
thought that diabetes had been cured. Unfortunately, 
despite insulin therapy, the major complications of the 
disease caused by high blood sugar levels persist. Each 
year, diabetes accounts for 40,000 limb amputations and 
5,000 new cases of blindness in the United States. Among 
teenagers, diabetes is the leading cause of kidney failure. 
Data from the National Institutes of Health show that the 
rate of heart disease and stroke is twice as great in 
diabetics than in the general population. 

25 The diabetic patient faces a 30% reduced 

lifespan. Multiple insulin injections given periodically 
throughout the day cannot duplicate the precise feedback of 
insulin secretion from the pancreas. The only current 
method of achieving minute-to-minute glucose control is by 

30 pancreas transplantation. 
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advance in diabetes theranv 

alternative would be to extract the f t "tractive 
(islets) from a don fc thG lnsul *"-Producing cells 

; trom a donor pancreas and to inject th« co 
into the diabPt-ir. ^ -inject these cells 

e diabetic patient, thus effecting a cure Th« 
of such cellc cure. The u Se 

ceils, however, would still run i-h~ • , 
10 rejection by the host. of 



Microencapsulation of islets bv a « a1 ■ 
alginate membrane (i e an *i • T algmate-PLL- 
membrane) is a potent ^"^-^"^vsine- alginate 
by the host-s i: 1 Beth0d of rejection 

» researchers are able To * 

P-tective membrane tU .n;;^ 13 ?. ^ * • 

p~ s ant ibodie S h ft: 11 ;;a s c ;::r; h r - 

rejection of the M11 » tfte lslet =' causing 

protects the islst f™, (C "" "^rocapsuje, 
™ secretea thro" "T^. ^ ^ to * 

»or»al glucose control ^ *» 

— ^ rrr £e a;Lir\ cro r psuiated 

»icroencapsulatea i.X^ < ^^" 1 « 
"°oa sugar in diabetic de ;™ — "-tion o f 

nioroencapsulatea islets to h» ,'• • However < for 
3. applicable ln numans / £ * -e t „l and 

i—unoprotective „,embr,„» „ „■ "P°"«t that the 

airiusion for The °" P8tible ' aU °" 

r tne encapsulated cells 
appropriately to a c <- • , to re spond 

encapsulated cells with at ° ry Si?na1 ' P " Vide th. 
35 retrievable. R et^ t «d be 

tnevabinty XB desirable for a variety of 
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reasons, e.g., so that accumulation of the implanted 
materials can be avoided, so that encapsulated cells can be 
removed from the recipient when no longer needed or desired 
(e.g., when the product(s) of the encapsulated cells are no 
5 longer needed, if the encapsulated cells fail to perform as 
desired, etc.), so that encapsulated cells can be removed 
if /when they become non-viable, and the like. Currently 
there are no reports of successful reversal of diabetes in 
humans by transplantation of encapsulated islets. 

10 Biocompatibility of encapsulated islets remains 

a fundamental problem. The term ••biocompatible" is used 
herein in its broad sense, and relates to the ability of 
the material to result in long-term in vivo function of 
transplanted biological material, as well as its ability to 

15 avoid a foreign body, fibrotic response. A major problem 
with microencapsulation technology has been the occurrence 
of fibrous overgrowth of the epicapsular surface, resulting 
in cell death and early graft failure. Despite extensive 
studies, the pathological basis of this phenomenon in 

20 alginate based capsules remains poorly understood. 
However, several factors have recently been identified as 
being involved in graft failure, e.g., the guluronic 
acid/mannuronic acid content of the alginate employed, 
imperfections in the microcapsule membrane (allowing 

25 exposure of poly-L-lysine to the in vivo environment) , 
failure of the microcapsule membrane to completely cover 
the cells being encapsulated (thereby allowing exposure of 
the cells to the in vivo environment) , and the like. 

Alginate is a polysaccharide isolated from marine 
30 brown algae including Laminaria hyperborea, Laminaria 
digitata, Ascophyllum nodosum and Macrocystis pyrlfera. 
Alginate forms ionically crossl inked gels with most di- and 
multivalent cations. Calcium cations are most widely used, 
and give rise to a three-dimensional network in the form of 



WO 94/155*9 

PCT/US92/101L2 

an ionically crosslinked gel by inter-chain binding between 
G-blocks. (Skjak-Brek, 1988). 

It has recently been demonstrated that the 
neuronic acid residues are the active cytokine inducers 
in alginate, and since these cytokines (1L-1 and TNF) are 
known to be potent stimulators of fibroblast proliferation 
(Otterlei et al., 1991), it was deduced that alginate 
capsules high in mannuronic acid content (M-content) were 
responsible in part for the fibrotic response reported ± 
10 the past (Soon-Shiong et al. 1991). More significantly, it 
has been found that this reaction could be ameliorated by 
increasing the guluronic acid content (G-content) of the 
algxnate capsule since guluronic acid appears not to be 
x^unostimulating. Furthermore, it has been demonstrated 
that cyclosporin A resulted in a dose dependent inhibition 
of mannuronic acid-induced TNF and IL-! stimulation of 
human monocytes ia vitro . Based Qn Ma intorm ^ 

has been hypothesized that the fibrotic reaction of the 
microcapsule could be ameliorated in part by an alginate 
20 --ulation high in guluronic acid content, as well as a 

stimuLT C ° UrSe " CyClOSp ° rin * to ^ibit cytokine 
atl 7 By thlS method ' -i-b-t M in the spontaneous 
diabetic dog model has been successfully reversed by 
transplantation of donor islets encapsulated in high 
25 G-content alginate (Soon-Shiong et al. 1991) . 9 

Polyethylene glycols (PEG; also referred to as 
Polyethylene oxide, PE0) have been investigated extensively 
in recent years for use as biocompatible, protein 
30 f^ T"' n ° ninfl — ^ -d nonimmunogenic modifiers 

prot ;r ::r s ' f and r aces of 

characteristics has beeT^d ^e fltlb^ 
the polymer backbone, and the volume exclusion effect of 
this polymer in solution or when immobilized at a surface 
35 The solubility of PEGs in vater , Qs ^ ^ 



WO 94/15589 



PCTAJS92/10112 



-5- 



common organic solvents, facilitates modification by a 
variety of chemical reactions, A recent review (Harris, 
1985) describes the synthesis of numerous derivatives of 
PEG and the immobilization thereof to surfaces, proteins, 
5 and drugs, 

PEG bound to bovine serum albumin has shown 
reduced immunogenicity and increased circulation times in 
a rabbit (Abuchowski et al., 1977). Drugs such as 
penicillin, aspirin, amphetamine, quinidine, procaine, and 

10 atropine have been attached to PEG in order to increase 
their duration of activity as a result of slow release 
(Weiner et al., 1974; Zalipsky et al., 1983)- PEG 
covalently bound to poly-L-lysine (PLL) has been used to 
enhance the biocompatibility of alginate-PLL microcapsules 

15 used for the encapsulation of cells. PEG has been 
covalently bound to polysaccharides such as dextran (Pitha 
et al., 1979, Duval et al., 1991), chitosan (Harris et al., 
1984) and alginates (Desai et al., 1991). These 
modifications confer organic solubility to the 

20 polysaccharides . 

Surfaces modified with PEG were found to be 
extremely nonthrombogenic (Desai and Hubbell, 1991a; 
Nagoaka and Nakao, 1990), resistant to fibrous overgrowth 
'in vivo (Desai and Hubbell, 1992a) and resistant to 

25 bacterial adhesion (Desai and Hubbell, 1992b). Solutions 
containing PEG have also been found to enhance the 
preservation of organs for transplantation (Collins et al.; 
Zheng et al., 1991). The basis of the preservation 
activity is not clearly understood but has been attributed 

3 0 to adhesion of PEG to cell surface molecules with a 
resultant change in the presentation of antigen? so as to 
alter the nature of the immune response. 



15 



WO 94/15589 

PCT/US92/10112 

-6- 

Crosslinked PEG gels have been prepared and 
utalxzed for immobilization of enzymes and microbial cells 
Fukui and Tanaka (1976) and Fukui et al., (1987 ) have 
prepared polymer izable derivatives of PEG (such as the 
5 dimethacrylate) and photocrossl inked them with uv light in 
the presence of a suitable initiator to form a covalently 
crosslinked gel. Kumakura and Kaetsu (1983, have reported 
the -polymerization and crosslinking of diacrylate 
derivatives of PEG by gamma radiation for the purpose of 
10 immobilizing microbial cells. Due to the mild nature of 
the photopolymerization, i.e., absence of heating, without 
shiftmg PH to extreme values, and without the use of toxic 
chemicals, the Fukui and Tanaka (1976, publication suggests 
that this technique is desirable for the entrapment not 
only of enzymes, but also for cells and organelles. 

Dupuy et al. (i 9 88, have recently described a 
Photopolymerization process for the entrapment of agarose 
embedded pancreatic islets in microspheres of crosslinked 
acrylamide. However, this reference describes entrapment 
of individual microspheres, but does not describe further 
entrapment of these already entrapped cells. Visible light 
was used as the initiating radiation in the presence of a 
Photochemical sensitizer (vitamin B2, i.e., riboflavin, 
25 " nd h . a h COCatal y st ^-N-N-N'-tetramethylethylene diamine,.' 
. hl9h P ressure ^cury lamp was used as the source of 
visible radiation and the islets were demonstrated to 
maintain a good viability in vitro following the 
polymerization step. 

20 7nn « VlSible radiation between wavelengths of 400 - 
00 nm have been determined to be nontoxic to living cells 
(Karu, 1990; Dupuy et al iqoo, * «. . 

19861 hoc - i ' ^ 988) ' recent rev iew (Eaton, 

1986, describes a variety of dyes and cocatalysts that may 
^ used as polymerization initiators in the presence of 
appropriate visible radiation. 
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in recent years considerable interest has been 
expressed in the use of lasers for polymerization processes 
(Wu 1990) . These polymerizations are extremely fast and 
ma y'be completed in milliseconds (Decker and Moussa, 1989; 
5 Hoyle et al., 1989; Eaton, 1986). The use of coherent 
radiation often results in the polymerization being 
innocuous to liying cells. This arises from the use of 
' wavelength specific chromophores as the polymerization 
initiators, and these chromophores are typically the only 
10 species in the polymer/cell suspension that absorb the 
incident radiation. 

STTMMARV OF TMVKNTION 

It has previously been demonstrated that Type I 
insulin-dependent diabetes can be reversed in rats and dogs 

15 by implantation of micro-encapsulated pancreatic islets in 
the peritoneal cavity of these animals using both allograft 
(dog islets to dog recipients) and xenograft (dog islets to 
rat recipients) models (Soon-Shiong et al., 1991). The 
alginate microcapsules employed in these studies provide 

20 immunoprotectivity, and result in graft survival of 
allografts for several months in the absence of 
immunosuppression. The alginate gels, however, are 
ionically crosslinked and, therefore, are subject to 
breakage and resorption as a result of ionic equilibration 

25 in vivo. in addition, free microcapsules are difficult to 
retrieve 'due to their small size (200 - 600 pm) and 
nonlocalization within the peritoneal cavity. 

While it is known that the mannuronic acid - 
guluronic acid (M-G) ratio of the alginate employed plays 
30 an important role in preventing fibrosis, in accordance 
with the present invention, other factors involving various 
defects in prior art microcapsules have been identified 
which play an important role in preventing long term 
viability of the transplanted graft. Photomicrographs 
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demonstrate these h^rpfnf^^ 

art »icrocapsules — °9" 12 ed defects in prior 

, "ctors relating to capsule failure, le 

loss „ f funct^n due to death of tne encapsulated cells 

the rm 0f Pr ° tertion a «~<^ encapsulated cells, a„ d 
the like, have been identified, i.e., that: 
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U) Both mechanical and chemical stability of the 
microcapsule pl ay a critical role in f . 
overgrowth. It has been discoyered 

water-soluble membrane dissolves over a prolonged 
period of i, vivo exposure/ eventuaUy expos . 

astern, initiating a rejection response; 

(ii) The ..roughness., of the capsule membrane, as 
well as defective microcapsules, result in 
prophage activation, cell adherence, cellular 
overgrowth and eventual fibrosis; 

(iii) Disruption or breakage of microcapsules 

tZ^T in the capsule membrane ' — * 

Uv) While alginate, specifically high G - content 
alginate, ls relatively biocompatible, it has 
been discovered that poly- L - lysine J™ 

::::: t muiator f ° r fibr ° us - * ^ 

ITLT P T dSSCribeS atte ^ S - -er 
the outer coat of PLL with an outer layer of 
algin a te to prevent thi c 

However ^ „ overgrowth problem, 

ha I aCC ° rdlng to the P^sent invention it 
memb ^ «y disruption of the 

-mbrane, or any imperfection of coating of the 
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membrane results in fibrous overgrowth when 
polymer materials such as PLL are exposed. 
Furthermore, current methods of covering PLL with 
an outer layer of alginate are ineffective to 
5 fully prevent some exposure of PLL over time, in 

vivo; and 

(v) Exposure of biologically active material on 
the surface of the microcapsule (because such 
material is not adequately entrapped in the gel 
10 forming the microcapsule) exposes such material 

to the host's immune system, initiating an immune 
response . 

In accordance with the present invention, it has 
been further discovered that individual spherical 

15 microcapsules provide a large exposed surface area, 
facilitating transport of nutrients through the membrane, 
while on the other hand, increasing the probability of cell 
adherence and fibrous overgrowth. It has been found that 
by reducing this exposed microcapsule surface area and/or 

20 by reducing exposure of any unbound, positively charged 
polylysine, while maintaining the critical diffusion 
capacity of the immuno-protective membrane, increased 
biocompatibility will ensue. By reduction of exposed 
microcapsule surface area, the percentage of "roughness" 

25 associated with each individual microcapsule would be 
reduced, resulting in improved biocompatibility. In 
addition, in accordance with the present invention, it has 
been recognized that improving mechanical integrity of the 
capsule is an important step in achieving long term graft 

30 function- 
In accordance with the present invention, it has 
been found that long term graft function can be achieved by 
entrapping or encasing biologically active material, 
optionally contained within a microcapsule (e.g., 
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individual microencapsulated cells) in a macrocapsule which 
« biocompatible, thereby (i) increasing the 
cytoprotectivity of the entrapped.individually encapsulated 
cells, (ii) reducing exposure of unbound positively charged 
5 polylysine to the host in vivo environment, (iii) enhancing 
the mechanical stability of the capsular membrane, ( iv ) 
reducing the exposed microcapsule surface area roughness- 
and (v) reducing the exposure of cells adhering to the 
surface of the microcapsule to the host in vivo 
10 environment; all of the above advantages are obtained while 
(vi) maintaining the diffusion capacity of the polymeric 
material used for encapsulation, thereby allowing the 
entrapped encapsulated cells to be nourished and respond to 
a stimulatory signal. 

15 Additionally, macrocapsules of the present 

invention provide a system of rapid but sustained release 

of the material made by and secreted by the encapsulated 

cell (s) , which in turn provides f or more regulated control 

of physiological processes (e.g., blood glucose levels in 

the case of encapsulated islets). Specifically, in 

response to an intravenous glucose stimulus, insulin 

release occurs more rapidly f ro m encapsulated islets 

entrapped within a macrocapsule than from free floating 

^encapsulated isi ets , as de monstrated by the in vivo 

•5 intravenous glucose stimulation studies described in 
Exampa 9/ below . In additio ^ insuun ^ an 

gel entrapped microcapsules is sustained over a longer 
Period of time, as demonstrated by the in vitro glucose 
stimulation studies described in Example 8, below 
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. The P resent invention also permits retrievability 
of the implant because of its macroscopic si 2e and itl 
grouping of the various microencapsulated islets into a 
-ngle package or a pl uralit y of macroscopic packages 
.etrievability is desirable for a variety of reasons eg 
so that accumulation of the implanted materials can be 
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avoided, so that encapsulated cells can be removed from the 
recipient when no longer needed or desired (e.g., when the 
product (s) of the encapsulated cells are no longer needed, 
if the encapsulated cells fail to perform as desired, 
5 etc.), so that encapsulated cells can be removed if /when 
they become non-viable, and the like. 

The present invention overcomes the problems of 
the prior art by improving the cytoprotectivity and 
biocompatibility of implanted biological systems. The 

10 present invention also provides a gel entrapment system 
which provides a rapid response of entrapped cells to a 
stimulatory signal. The present invention further provides 
a sustained release system made from microencapsulated 
cells which are further packaged in a macrocapsule. The 

15 present invention also provides a system that localizes 
microcapsules in a particular region (e.g., a region of 
high vascularization such as the omentum) , as well as a 
system which minimizes the breakage of microcapsules, and 
facilitates their ready retrieval. 



20 



As will be readily apparent to a person of skill 
in the art, the macrocapsules of the present invention may 
be used to entrap not only encapsulated or unencapsulated 
living cells, but also any chemical reagents which may have 
a pharmacological or physiological effect upon sustained 
25 release by the system disclosed herein. 



BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a drawing of one embodiment of a 
macrocapsule of the present invention containing 
encapsulated biological material. 

30 FIG . 2 is a graph of the blood glucose of rats 

implanted with entrapped encapsulated islets according to 
the present invention (filled circle •), free-floating 
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encapsulated islets (filled triangle) and unencapsulated 
islets (open circle o, over time, when the islets are 
xenografts (canine islets). 

_ «. FIG - 3 is a ^raph of the serum glucose response 

to an intravenous gl ucose challenge (IVGTT) in rats treated 
with macroencapsulated canine islets according to the 
present invention, compared to the response in rats 
transplanted with free floating microencapsulated canine 
islets 7 days after implantation of the microcapsules and 
10 macrocapsules. d 

FIG. 4 is a graph of the serum glucose response 
to a n intravenous glucose chanenge (1vgtt) . n ^ 

wxth ^encapsulated canine islets according to the 
present invention, compared to the response in rats 
15 --planted with free floating microencapsulated canine 



FIG. 5 is a graph of blood glucose levels of rats 
-Planted with entrapped encapsulated islets according to 

20 LLtrT invention (filled circle •> over time < 

"lets are xenografts (canine islets). on day 14 , the 
entrapped encapsulated islets were retrieved. Th e diabetic 

entra e p pe e d CUrred ^ " h ° UrS f ° n ° Wing <* **• 

entrapped encapsulated islets, proving the viability of the 

islets entrapped within 
25 invention. -crocapsuie of the present 



and T f0ll0Wing s P««ic=tio„ describes materia!* 

and o ds m acroencap sul atin g Mo^icaUy actlve 

30 Mot ; b rr r ;; ri r: b T cells - to provide 

' retr ievable system which is useful for- 
tor ceii containment and transp^ta^ in th I 
Mll ™ ? d -«iP«on. numerous detaiis such as specif 
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materials and methods are set forth in order to provide a 
more complete understanding of the present invention. It 
is understood by those skilled in the art that the present 
invention can be practiced without these specific details. 
5 in other instances, well known materials and methods are 
not described in detail so as not to obscure the present 
invention. In addition, the following description is given 
with -particular reference in many instances to islets and 
diabetes treatment. This description is given as a 

10 presently preferred application of the present invention. 
Nonetheless, it is apparent that the present invention is 
not limited to the treatment of a single disease state. 
The present invention can be used equally as well for other 
cell types and treatment of other disorders or for other 

15 physiological purposes and could be used with 
microencapsulated cells or unencapsulated cells of any 
type. 

As part of the work carried out pursuant to the 
present invention, photomicrographs were taken of prior art 
20 alginate-PLL-alginate microcapsules in efforts to identify 
the faults and defects therein [see, for example, Clayton, 
in J. Microencapsulation 8:221-233 (1991) and Wijsman et 
al in J. Transplantation 54:588-592 (1992) for a 
description of prior art microcapsules]. The resulting 
25 micrographs readily reveal the faults and defects in prior 
art microcapsules. For example, a photomicrograph (40x) of 
an empty alginate-PLL-alginate microcapsule (retrieved from 
the peritoneal cavity of a rat) demonstrates that cellular 
overgrowth (appearing as a darkened area) occurs in areas 
30 of the exposed microcapsule gel or in areas of exposed 
polylysine when capsular membrane integrity is lost. A 
photomicrograph (100X) of an alginate-PLL-alginate 
encapsulated islet shows areas of "roughness" or "stress 
marks" associated with individual microcapsules. The 
35 surface area of such individual microcapsules is large and 
thus in turn, the exposure of "rough- surfaces is huge, 
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increasing the ris* of cellular overgrowth. m addition 

izzi co ; erin9 of poiyiysine * ■» »*« - « 

alginate results in potential overgrowth. 

A photomicrograph (40x) of a defective 

all ret ,evea at the same time from the peritoneal cavi^ 
* f- Stmes ~«»l»r overgrowth (which appears 

as darkened areas, . vigorous overgrowth is observed to be 
associated only with the defective capsule This pro' h 

10 L u d ? er evidence that ctLns z 

body r esponse to defective capsules and to exposed capsular 
material, especially pll. 

A photomicrograph ( 40 x) of disrupted alainar. 

peritonll cav y THlr^' ' «» 
diabetes failed Lowl th ' ° f 

providing evidence" t h at ^LTT™ °' 

an important role T .ZT"'^ ^""^ ^ 
20 microencapsulated canine islets 11,656 
diabetes, but only for r short period " "™ 

capsule J\TIZZ' ^ -ns a 

gei material surrounding bioloaicaliv 
-terial. optionally contained within a microcapsule < e g 
25 one or more microcapsules wh„~, u . ca P sul e (e.g. , 

at least one livTng K " h ™">^ -"tains 

j-j.vo.ng cell, such as islets 

Pharmacological agent producing cells or c« ■ I 
Physiologically active agents, The ' ^T"" ^ ~ 
may include "macro m . 'Wrocapsule" 
30 miLcapsu es « ™ -aerogels... "gel entrapped 
"worms... and ihe l ik e „ hich ^ '•^s.- ..threads... 

would understand r^t t, ThT °' SkUl *" 
compositions described h • 9e " eral Class ° f 

« the various co; p t e n t T:;-th While °" «— i«- 

ponents of the invention particles are 
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not critical, the term '.microcapsules- is generally used to 
refer to particles wherein the largest dimensions thereof 
fall in the range of about 5 up to 4000 microns, while the 
term "macrocapsules" is generally used to refer to 
5 particles wherein the largest dimensions thereof fall in 
the range of about 500 microns up to about 50 cm. What is 
important according to the present invention is that the 
contents of a microcapsule be further encapsulated into a 
macrocapsule, thereby affording the added benefits of the 
10 macroencapsulating polymer, as described herein. 

In accordance with the present invention, 
biologically active material, e.g., a plurality of cell- 
containing microcapsules, are covered with a thick layer of 
gelled material, forming a microcapsule-containing 

15 macrocapsule. A schematic showing a cross-section of such 
a macrocapsule is provided in Figure l. Inspection of the 
Figure reveals that the macrocapsule itself contains no 
polycation or other fibrogenic surface; instead, the 
immunoprotective membrane (i.e., polycation such as PLL) is 

20 localized at the surface of the microcapsules, which are 
buried deep within the macrocapsule (and protected from 
exposure to the in vivo environment by thousands of 
molecular layers). The core of the microcapsules (as well 
as the macrocapsule itself) are maintained in the gelled 

25 state (i.e., crosslinked or insoluble form), in contrast to 
prior art encapsulation systems, wherein the core material 
is liquified. 

Generally the layer of gelled material in 
invention macrocapsules has a thickness of at least about 

30 1 micron, with a thickness of at least about 20-40 microns 
being preferred, and a thickness of at least about 50 
microns or greater being especially preferred. This 
provides more effective masking of the polycation layer on 
the microcapsule than the few molecule thickness (of 

35 alginate outer layer) achieved in the preparation of prior 
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art Microcapsules. The layer of gelled material in 
invention macrocapsules prevents direct exposure of any 
isogenic agents at the Microcapsule surface (e B 
polycations, unencapsulated cells, and the like, to the in 
I 1 ™ - vi «-ent. thereby preventing irau ne response 
triggered by prior art Microcapsules. ln addition the 
layer of gelled Material is exceptionally stable to long 
L\ r : eX r SUre t0 «*^-9i-l conditions since the gelled 

XO It r an" d 10niCally and/ ° r C ° Valently 

"self, and does not depend on an interaction with the 

incorporated Material for strength and/or stability Thls 

•Lh microcapsules, wherein the sole Means of 

anchorage of the alginate outer layer to the capsule is the 

Jtween the alginate and the polycation iMMunoprotective 

In a preferred eMbodiment of the B r«.„ 

Fsuaes ' tne microcapsules fanrt ^ 
themselves) are maintain^ I v, ««crocapaulea 

> are maintained in the gelled state t \ * 

encapsulating matrix of (->,. "nerein the 

2= to implantation , "crocapsule is liquified prior 

it " P ln accordance with the present invention 

nutrientr^ *"* ^ ^ diffusion « 

nutrients in, and products of the encapsulated cells out It 
invention Macrocapsules is highly efficient 
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. variety rr P r. e ?: ^rr 1 : can be ~ - 

d e a ' " the sha P e °f a cylinder 

flat, circular form, a f,»r I generally 
form), a flat sheet (i.e., a generally flat 
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polygonal for., preferably square or rectangular) , a wafer 
(i.e., an irregular flat sheet) , a dog-bone (i.e., a shape 
that has a central stem and two ends which are larger in 
diameter than the central stem, such as a dumbell) , or the 
5 like. 

The materials used to provide such entrapment 
could be alginate (preferably high G-content alginate) , or 
a modification of such alginate to improve its 
biocompatibility and stability, e.g., a polymerizable 
10 alginate allowing covalent crosslinks, or crosslinkable 
or polymerizable, water soluble polyalkylene glycol, or 
combinations of these materials. The process to cause gel 
entrapment of such materials can be accomplished either by 
ionic or covalent crosslinkage. 

Macrocapsules contemplated for use in the 
practice of the present invention contain therein 
biologically active material, wherein said biologically 
active material is optionally contained within 
microcapsules (i.e., a plurality of microcapsules within 
said macrocapsule) . The invention macrocapsule can be 
prepared from a variety of polymeric materials, such as, 
for example, covalently crosslinkable or polymerizable 
linear or branched chain PEG, mixtures of different 
molecular weight covalently crosslinkable or polymerizable 
linear or branched chain PEGs, ionically crosslinkable 
alginate, combinations of alginate and covalently 
crosslinkable or polymerizable PEG and modified alginate 
that is capable of being covalently and ionically 
crossl inked, and the like. 

Macrocapsules prepared in accordance with the 
present invention comprise biologically active material 
encapsulated in the above-described biocompatible 
crosslinkable material, wherein the macrocapsule has a 
volume in which the largest physical dimension is greater 
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than j i „. Ma cro=apsules c ,„. co 

therein. Alternatively, .nacrocapsules na y contain cell s or 

. =a; £ u r s which a ~ — — 

macrocaDsu]pc\ => ^. pbUAes and/or 

^jlt v :; or ::L to 0 ; he present invention 

«• -i ogioal Mteri l— d - J*? :L lii 

:;r:r tlon of the effe - s ° f — - : 
:: JeT" oon r ely ' ^ - - 

che^otherapeut" ' e„t!r° r h C6US e " alua «°" «f 

is sensitive to T ' ™ ^'Mastoid cells 

Pharmacologically activ C / tOPathlC «f HIV, 

• rein ' the term "living cells" t-.=^>- 

^r^rr materlal - ~ J « - ~ 

*• euKaryotic h Votic celis. and 

contested cells in^de t^f of t 

treatment or diab.t.«i - Langerh ans < for 

treatment of Pardon T"' SeCre " n9 ° eUS (£ ~ «» 
secretin, cells lo ^e t ' ' "" V * ^ 

« hepatocyL f 1' treat T* '' ' 

(xor treatment of liv^r- ^» * 
aarenali„ e/angiotensln sec ^'"""lon, , 

hypo/hypertension) parathv ! ' re9ulati <"> °* 

thyroid function, Parathyr ° ld <= ells ('« replacing 

-u- (-r t ri:„^; p rrLrr n r a " n 

>° artificial b l 00d) . and the h,! ' " ( *° 
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which „ capable of undergolng free 
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polymerization (X is a moiety containing a carbon-carbon 
double bond or triple bond capable of free radical 
polymerization; and X is linked covalently to said PEG 
through linkages selected from ester, ether, thioether, 
5 disulfide, amide, imide, secondary amines, tertiary amines, 
direct carbon-carbon (C-C) linkages, sulfate esters, 
sulfonate esters, phosphate esters, urethanes, carbonates, 
and the like) . Examples of such covalently crosslinable 
polyethylene glycols include vinyl and allyl ethers of 
10 polyethylene glycol, aery late and methacrylate esters of 
polyethylene glycol, and the like. 

PEGS having a wide range of molecular weights can 
be employed in the practice of the present invention, thus 
mixtures of different molecular weights of covalently 
15 crosslinkable PEGS contemplated for use in the practice of 
the present invention include PEGs having a in the range 
of about 200 u P to 1,000,000 (with molecular weights m the 
range of about 500 up to 100,000 preferred, and PEGs having 
molecular weights in the range of about 1000 to 50,000 
20 being the presently most preferred). Such PEGs can be 
linear or branched chain (including STAR PEGs). STAR PEGs 
are molecules having a central core (such as divinyl 
benzene) which is anionically polymerizable under 
controlled conditions to form living nuclei having a 
25 predetermined number of active sites. Ethylene oxide is 
added to the living nuclei and polymerized to produce a 
known number of PEG "arms", which are quenched with water 
when the desired molecular weight is achieved. 
Alternatively, the central core can be an ethoxylated 
30 oligomeric glycerol that is used to initiate polymerization 
of ethylene oxide to produce a STAR PEG of desired 
molecular weighty 

Alginates contemplated for use in the practice of 
the present invention include high G-content alginate, high 
35 M-content alginate, sodium alginate, and the like; 
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underpin, free ltUe , nt X *■ «Pable of 

5 „ . . radical polymerization (x is a 

5 containmc . carbon-carbon double bond or triole T 

capable of f ree radical polymerization; and X i s i ■ ! 

covalently to s»iri »i • - linked 

ester, ^ thr ° U9h lin * a '~ — «*- from 

ternary amines, direct n*r-H™ ^ 
linkages, sulfate ' lrect carbon-carbon (c-c) 

esters, urethanes ' T SU "°" ate esters - Phosphate 
"retnanes, carbonates, and the 

covalently crosslink,*! , • ' ' Exa »Pl« of 

ethers of annate t 92n " eS aUyl a " d vi W 

•annate. and 9 re t;,:^ 6 — of 

covaientiyt™:;:: °: ; l9inate a ° nicaiiy ■-/« 

contemplated for US e ^ " «« 
invention include combination; t^' ^ ~ 

above-described aloinates and PECs "°~ ^ 

added to A t" a " r ::i!"\ 0t 3 C ™ Sr Ca " °P«cnall y be 

Polymerization ZZ ^Lr^" to the 

Examples of suit-*Hi<* 
include vinyl pyrrolidine suitable comonomers 

acrylic acid, me'th Z^T^T^' 

-thacrylate. hydrolyethyl acll": ^ 

nethacrylate (hemai e thvl.„.- , hydroxyethyl 

glycol dimethacrylate o ! dia ™e. ethylene 
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triacrylate, trWi-h . , tnmethylol propane 

-propylene ,^^ u ~ ■ ^ ™te. 
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ri « radical polymerization of .the above- 
MciM modified materials can be carried out >„ a 
variety o£ ways, for example, initiated by xrradxatxon vith 
suitable wavelength electromagnetic radiation (e.g., 
5 visible or ultraviolet radiation, in the presence of a 
suitable photoinitiator. and optionally, cocatalyst and/or 
co.ono.er. Alternatively, free radical polymerisation can 

,1 Vitiation by a suitable free 
be initiated by thermal initiation oy 

radical catalyst. 

10 A variety of free radical initiators, as can 

readily be identified by those of skill in the art, can be 
employed in the practice of the present invention. Thus, 
photoinitiators. thermal initiators, and the like can be 
employed. For example, suitable UV initiators 

15 dimethoxy- 2 -phenyl acetophenone and its water solub e 

it<; water soluble 
derivatives, benzophenone and its wa 

derivatives, benzil and its water soluble derivatives, 

thioxanthone and its water soluble derivatives, and the 

like For visible light polymerization, a system of dye 

20 (also known as initiator or photosensitizer) and cocatalyst 

also known as cosynergist, activator, initiating 

intermediate, quenching partner, or free radical generator) 

are used. Examples of suitable dyes are ethyl eosin, 

eosin, erythrosin, riboflavin, fluorscein, rose bengal 

25 methylene blue, thionine, and the like; examples of 

suitable cocatalysts are triethanolamine, argmine, 

methyldiethanol amine, triethylamine, and the like. 

Microcapsules contemplated for use in the 
practice of the present invention can be formed of a 
30 variety of biocompatible gel materials, such as, for 
example, alginate, covalently crosslinkable alginate (i.e 
modified alginate that is covalently and iomcally 
crosslinkable) , covalently crosslinkable PEG, combinations 
of any of the above-described alginates and any of the 
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above-described P EGs , as well as tho 

or more comonomers> as ^d Vb"^ — ™ of 

5 immunoprotective coatina Pt " nally tre «<* an 
Patent No. «,3 62 e83 •„ " deScrlb <* *V LI- in U.S. 

refers to "Cu^ T' 0 "^ ^ " f ~ he " i « 

tnis immunoprotective coatino .« , . 
setu-permeable membrane") Im „„ n "Permanent 

contemplated for use .„ ,„ 1Wmm * rM «**™ materials 
« invention inciuae polycati ^ PreSent 

t-«.. p=iy h ist idl „r potC * SUCh as pol ™ in ° •<*- 

1*1-); Polymer, contain!™ I POly ° rnithi -' — the 
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= 0 -ployed in tne practice of " Polymers 
the range of about „ ~ °* invention fan in 

«ith i-unoprotect C0 ; t P in t0 5 °' 000 - ° Ptl °" al treatment 
«-en the macrocapsular o" ^ -*°**Y 

covalently crosslin k able « thVtT" P " Ul " r " t " Ul " 
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— ction of the y ' P :; y „erL:;: ieved throu9h judici °- 

ymenaable macromonomers employed 
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(i.e., polymerizable alginate, polymerizable PEG, and the 
like), as well as mixtures of such monomers. 

In a presently preferred embodiment of the 
present invention, multiple alginate-PLL-alginate 
5 microcapsules are entrapped in an alginate macrocapsule. 
The microcapsules employed preferably have solid gel cores. 
The alginate employed can be ionically and/or covalently 
crosslinkable. With modified, covalently crosslinkable 
alginate, the introduction of polycations to control 

10 microcapsule porosity and/or to provide an immunoprotecting 
barrier is optional because the desired porosity (or 
immunoprotectivity) may be achieved by using suitable 
concentrations of modified alginate or by using modified 
alginate having different degrees of substitution with the 

15 moiety X, or combinations of such modified alginate. 

Another presently preferred embodiment of the 
invention involves the photopolymerization of an aqueous 
physiological covalently crosslinkable linear or branched 
chain PEG (e.g., a PEG-diacrylate solution, or 
20 polymerizable equivalent) containing suspended alginate 
microcapsules (e.g., alginate-PLL-alginate). The 
microcapsules employed preferably have solid gel cores. 
The appropriate free radical initiators and cocatalysts are 
used with visible light sources such as a laser or a 
25 mercury lamp. A solid (i.e., non-liquified) gel of PEG is 
formed around the alginate microcapsules which in addition 
to providing mechanical support and retrievability , forms 
a nonfibrosing, cell nonadherent, and immunoprotective 
coating around the microcapsules. In this embodiment, the 
30 polycation layer is optional because the PEG macrocapsule 
can readily provide immunoprotectivity by selection of 
appropriate molecular weights and concentrations of 
crosslinkable PEGs . 
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in a macrocapsute 'V'™^" ™ — a Pped 

5 In thi* k „• covalently crosslinkable PEG 

^ in this embodiment as well t-h* ™i • 

A ' c " e Polycation lavov i 
optional because the pfc „ a y ls 
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~ ng of PEG rr tha e t P rir p : ule ' foiiowed by * 
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15 macrocapsule ln th *** ° f the 
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Examp le i 

chemically using the foll } W3S modif ied 
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it polymerizable. Other PEGs ranging in molecular weights 
from as low as 200 to as high as (but not limited to) 35000 
could also be modified by the same procedure. 

PEG 18.5k was dried thoroughly by heating in a 
5 vacuum oven at 80'C for 24 hours. Alternately, the PEG 
could be dissolved in toluene and the solution distilled 
" wherein any moisture could be removed as an azeotrope with 
toluene. 20g of dry PEG were dissolved in 200-250 ml of 
dry toluene (acetone, benzene, and other dry organic 

10 solvents may also be used). A twofold molar excess of 
acryloyl chloride was used (0.35 ml) and a base, triethyl 
amine (0.6 ml) was added to remove HC1 upon formation. 
Before addition of acryloyl chloride, the solution was 
cooled in an ice bath. The reaction was carried in a round 

15 bottomed flask under argon with constant reflux for 24 
hours. The reaction mixture was filtered to remove the 
insoluble triethyl amine hydrochloride while the filtrate 
was added to an excess of ether to precipitate PE 
diacrylate. The product was redissolved and precipitated 

20 twice for further purification and any remaining solvent 
removed in vacuum. Other purification schemes such as 
dialysis of a PEG-water solution against deionized water 
followed by freeze drying are also acceptable. Yield: 
17g. 

25 Example 2 

t u^ a t 0 Mpthods ^ Proration of Polymerizable PEG 

Several other methods may be utilized to prepare 
a modified PEG that is polymerizable or crosslinkable by 
introducing unsaturation at the ends of the PEG chain. 
30 Some of these methods are briefly outlined below. 

An esterification reaction between PEG and 
acrylic acid (or higher homologue ' or derivative thereof) 
may be carried out in an organic solvent such as toluene. 
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A small amount of acid <=nr^ ^ , 

atia sucn as p-toluen*= <=ni* 

be usea to catal y2 e tHe reaction. ^L^™ 1 " "* 
octants UoryUc acia, will drive £ ™ «* «*• 
the products T h= v- -• reaction towards 

products. The reaction is refluxed for several h 
5 Since water is formed as . product 

-der to drive the eouilibrium towards the prod^s "/ " 
be continuously withdrawn by distillation of th T^'eotr 
formed with tol uene . standard purification h " BOtropB 

utilized. Methacrvli. „ ■„ " SCheraes ma V be 

netnacryiic acid or methacrvlate maw k 

10 in a S i ra ii ar fashion with PEG to „«- eeaCted 

derivative (Fukui and r „ ^ e^rizable 

Uukui and Tanaka, 1976). 

(1982) whi A H ternatlVely ' ^ meth ° d ° f Math i- et al 
(1982) which involves the reaction of the peg *iv •! 

acetylene gas to produce the vinyl ethers oP " ^ 
15 employed to etners of peg may be 

Ployed to produce a polymerizable PEG derivative. 

A reaction between peg and allyl chloric • 
dry solvent nsf,!,,, ^ . yj cnioride m a 

y ivent catalyzed by small amounts of stannic • 
also results in * „„i • stannic chloride 

" ln a Polymerizable PEG. 

20 n ^ • SeVSral ° ther tec «ni^e S may be utilized - 

20 obtain polymerizable peg derivatives „ Utlll2e <* to 

-scribes a number of protocols vin g ^ (19 : 5) 

frora which ait — -nthetic schemes :: e Zvrdi:: ry 
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reaction. In the alternative, other initiators 

cocatalysts, comonomers and wavelengths of laser radiation 
may be used, the selection of which is well known in the 
art. 

5 A small quantity of the prepared solution was 

taken in a test tube and exposed to visible radiation 
either from an argon ion laser at a wavelength of 514 nm at 
powers between 10 mW to 2 W, or a 100 watt mercury arc lamp 
which has a fairly strong emission around 514 nm. The 
10 gelling time was noted and found to be extremely rapid with 
the laser (on the order of milliseconds) and fairly rapid 
with the mercury lamp (on the order of seconds) and varied 
with the concentrations of polymer, initiator, cocatalyst, 
and comonomers in the system. 



15 Example 4 

UV Light Photopol ymer iza t-i on To Produce PEG Gels 

A different initiating system from the one above 
was used to produce PEG gels. A UV photoinitiator , 2,2- 
dimethoxy-2-phenyl acetophenone was added to a solution of 

20 polyroerizable PEG in aqueous buffer at a concentration of 
1000 - 1500 ppm. This solution was exposed to long wave UV 
radiation from a 100 watt UV lamp. The time required for 
gellation was of the order of seconds and was a function of 
the concentrations of initiator and addition of other 

25 polymerizable monomers such as vinyl pyrrolidone (0.001 to 
10%). A UV laser may also be used for the 

photopolymerization. Other UV photoinitiators may also be 
used (e.g., benzoin ethyl ether). 
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Example 5 . 

Geometries of Microcap gni o-Conta i ni ng PEG Ge l s for 

Implantiat i nn 

Microcapsules of alginate or any other material 
5 containing cells or enzymes or drugs may be delivered and 
retrieved from an implant using varying geometries of the 
■icrocapsule-containing PEG gels. a large number of 
individual microcapsules may be localized to a preferred 
region in the peritoneal cavity (or other implantation 
10 site) by embedding these microcapsules in a crosslinked PEG 
gel. Various geometries may be considered for implantation 
such as cylindrical rod, circular disk, flat plate, dog 
bone, and long cylindrical "laces" or "threads- or "worms « 



Regardless of the geometry, the formation of the 
15 final implantable products required similar processing 
techniques. The cell containing microcapsules were 
suspended in a physiological solution of PEG is 5K 
diacrylate (30 wt%; PEGs G f varying molecular weights may 
be used) containing triethanolamine (O.oi/iM up to o 1M) 
20 .thy! eosin (0 .o W up to o.iM). and vinyI pyrroli ^ non ' G 
(0.001 to io%). This suspension was exposed to visible 
light from a laser or mercury lamp which caused rapid 
crosslinking of PE G-diacrylate and resulted in 
microcapsules embedded in the PEG gel. 

25 In order to Produce a cylindrical "lace " a 

suspension is disposed in a hypodermic needle having a 
suitable gauge needle or cannula and the emergent stream is 

mult i 1 ' nt0 3 ^"^^ SOlUti ° n (WhiCh »y >-ve 

30 Ind " C9ti0nS ^ al9inatS ^ ^ ™si°n) 

and simultaneously exposed to laser radiation from a 

suitable lamp source if photopolymerization is required for 

the reaction. The lamp could be a laser light source or a 

UV light source depending upon" the material to be 

Polymerized and the photoinitiator used, as is known in the 
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«rt. Crosslinking is instantaneous, i.e., the emerging 
stream is photocrosslinked as fast as it is extruded, 
resulting in the formation of a "lace" or "noodle." Gels 
or other geometries can be produced from appropriate molds 
5 fabricated for the purpose. 

Example 6 

Alginate Gel Entrapment Of Mlr.r- n enca DS «n *i- e d T«1 P i- c 

Canine islets were isolated from donor pancreata 
by collagenase digestion and purified using a physiological 
10 islet purification solution. Islets were then encapsulated 
in an al g i nate -p 0 i y i ysine alginate microcapsule by the 
following process: Ten thousand purified islets were 
suspended in 1.8% solution of Na alginate <G content 64*) 
and via an air-droplet generating device, islets were 
entrapped in alginate gel beads by crosslinking alginate in 
0.8 caci, solution. A polylysine membrane was formed 
following suspension of these alginate encapsulated islets 
in a o.i% polylysine solution for 4-8 minutes. T he 
encapsulated islet was then coated with an outer layer of 
alginate by suspension in 0.2% alginate for 5 minutes. 

A cylindrical tube (i.e., a lace , approximately 
1-5 mm ln diameter) of alginate encasing these 
microencapsulated islets was then produced as follows: 

25 i «• , • microenca P sulat ^ islets were suspended in 

1.8, alginate in the ratio of i volume microcapsule pellet 
to 4 volumes of alginate, and extruded into a solution of 
divalent cations containing caCl, alone, or a combination of 
barium and calcium chloride. The ratio of barium and 
calcium chloride as,, combination of divalent cations 

30 crosslinking agent could vary from l!l0 to 1100 

of 1.50 to 1:100 . B y combining barium and calcium, a gel 
of greater strength results. Thus, by this process of 
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ionic crosslinking, approximately 8000 microencapsulated 
islets are entrapped in a 16 cm long cylindrical tube of 
alginate gel- 

Alternatively, spherical macrocapsules containing 
5 microencapsulated islets can be prepared by introducing 
droplets of the above-described solution (i.e., 
microencapsulated islets in alginate solution) into a bath 
containing polyvalent cations (e.g., Ca") , as described 



Variations in Composition of Retrievable Systems 

A number of variations in compositions and 
materials used in the design of retrievable systems are 
acceptable and advantageous. The crosslinked alginate or 

15 PEG spheres (or lace) containing alginate microcapsules may 
be replaced in the appropriate situations by an ionically 
and/or covalently crosslinked alginate spheres. 
Combinations of alginate and PEG may also be used. The 
following variations, among others, are possible: 

20 (i) PEG alone, crosslinked as described above; 



above . 



10 



Example 7 



mixtures of different molecular weight 
crosslinkable PEGs (linear or branched 
chain) may be used to adjust permeability of 
the resultant gels; 



25 



(ii) Alginate alone, ionically crosslinked; 



(iii) Alginate alone, modified to be both 
ionically and covalently crosslinkable; 



30 



(iv) A combination of ionically crosslinkable 
alginate and covalently crosslinkable PEG 
(linear or branched chain); 



(v) A combination of modified alginate (i.e., 
ionically and covalently crosslinkable) and 
covalently crosslinkable PEG (linear or 
branched chain);; and 
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(vi) An ionically and/or covalently crosslinked 
alginate macrocapsule (e.g., a sphere or 
lace) covered with a coating of covalently 
crosslinked PEG (linear or branched chain) 
5 covering the exterior such that the PEG and 

alginate are in intimate contact. 

Ionic crosslinking of alginate can be 
accomplished with either Ca" alone or a combination of Ba" 
and Ca" in a ratio of 1:10 to 1:100 (Ba:Ca). 

10 Tne alginate referred to in the preceding 

paragraph may be replaced with a modified alginate that is 
chemically crosslinkable in addition to its ionic gelling 
capabilities. The modified alginates mentioned herein are 
described in detail in copending patent application Serial 

15 No. 07/784,267, incorporated by reference herein in its 
entirety . 

The PLL referred to above may also be replaced 
with a modified PLL that is covalently crosslinkable. The 
modified PLL mentioned herein is described in detail in 
20 copending patent application Serial No. 07/784,267, 
incorporated by reference herein in its entirety. 

Example 8 

Kinetics of Insulin Diffus ion from Gel Entrapped 
Microencapsulated Islets ; In Vitro Studies 

25 Kinetics of insulin secretion from the gel 

entrapped encapsulated canine islets were compared to 
individual microencapsulated islets or unencapsulated 
canine islets as follows: either free unencapsulated 
canine islets (controls) or encapsulated canine islets or 

30 gel entrapped encapsulated canine islets were incubated in 
RPMI culture medium containing a basal level of 60 mg% 
glucose for 60 minutes, then transferred to medium 
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containing a stimulatory level of. 450 mg% g i ucose for 60 
minutes and returned to basal m edi Um (60 ag% g i ucose) for 
a further 60 minutes. These .tests were performed in 
triplicate. The supernatant was collected at the end of 
each 60 minute period. insulin secretion was assayed by 
measuring insulin concentration {l xO/«H per islet equivalent 
count) m the supernatant, using RlA. 

The study was repeated, but in addition, i 0 m 
theophylline was added to the 450 mg * glucose as an added 
10 stilus of insulin secretion. The results of thes! 
studies are shown in Table 1. 
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One skilled in the art would expect that 
entrapping encapsulated canine islets in a further outer 
coat of polymer material would result in decreased response 
to a stimulus and reduced diffusion of insulin. That i S/ 
entrapping encapsulated islets in yet a second layer of 
polymer material (the microcapsule plus the macrocapsule] 
would be expected to reduce the responsiveness of the 
encapsulated islet to an outside stimulus.. Unexpectedly, 
according to the present invention, it has been found that 
the rapidity and intensity of the in vitro response of gel 
entrapped, microencapsulated islets was equal to, if not 
better than, the free floating encapsulated islets (as 
shown in Table l) . 

Following stimulation with 450 mg% glucose alone 
15 the insulin response ( see Table 1} from the 
mxcroencapsulated islets immobilized in a macrogel 
("entrapped MC") was equal to, if not better than the free 
floating microencapsulated islets ("Free MC «) as well as 
the free unencapsulated islet controls ("Free Islets") 
This phenomenon was also observed in response to 450 mg% 
glucose + io mg theophylline stimulus. While not wishing 
to be bound to any particular theory, it is currently 
hypothesized that this surprising result is explained by 
the fact that insulin is a negatively charged protein, and 
25 wxth the release of insulin from the entrapped 
microencapsulated cells in response to glucose stimulus 
the negatively charged insulin is electrostatically 
discharged from the negatively charged entrapping gel 
material, thus accelerating the response time of insulin 
30 release. Enhancement of insulin release from 

microencapsulated islets within a macrogel, as compared to 
insulxn release from individual encapsulated islets, can 
also be explained by the fact that the microcapsule is more 
neutrally charged than the macrocapsule, due to the 
35 presence of the positively charged PLL in the microcapsule 
membrane. This unexpected result was corroborated in the 
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in vivo studies (described in Example 9) where the fall in 
serum glucose in response to an intravenous glucose 
injection occurred rapidly in diabetic rats treated with 
gel entrapped microencapsulated canine islets (see FIG. 3), 
5 suggestive that gel entrapment provides an added advantage 
of improved insulin response to a systemic glucose signal . 

The results shown in Table 1 demonstrate that gel 
entrapment of encapsulated canine islets did not impair 
insulin secretion in response to a glucose stimulus or in 

10 response to glucose plus theophylline. Return of insulin 
levels to basal state was however delayed in the 
macrocapsule experiment, and is consistent with entrapment 
of insulin in the outer gel, resulting in effect a 
sustained release drug delivery system. In in vivo 

15 applications, this sustained release of insulin may provide 
a more stable homeostatic mechanism. 

Thus gel entrapment of microencapsulated islets 
provides several unexpected advantages with regard to 
insulin secretion: 
20 (i) rapid response of insulin release to a 

glucose stimulus, and 
(ii) once the insulin is released, a slow return 
to basal state, providing a sustained, 
continuous release over a longer period. 
25 Both of these responses are important in improving the 
homeostatic control of glucose metabolism in the diabetic 
recipient. 

Example 9 

In Vivo Studies of Gel Entrapped Microencapsulated Islets 

30 The efficacy of gel-entrapped microencapsulated 

canine islets was compared to free-floating encapsulated 
canine islets in the treatment of streptozoticin-induced 
(STZ) diabetic Lewis rats. Eight thousand encapsulated 
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canine 



islets (either free-floating, or entrapped in 
cylindrical tubes of alginate) were implanted into the 
peritoneal cavities of four STZ-diabetic Lewis rats and 
compared with eight thousand unencapsulated canine islets 
5 (controls) implanted in the same way. 

To ensure no variability in the viability, purity 
and function of the islet preparation, islets from the same 
canine pancreatic donor were used in both free floating 
microencapsulated and gel entrapped microencapsulated 

10 groups. Furthermore to ensure no variability in the 
integrity and formation of the microcapsules themselves 
the islets were all encapsulated in one batch process and 
then divided into two - one half being used for free 
floating implantation and the remaining half entrapped in 

15 an alginate macrocapsule (i.e., gel entrapped 
microencapsulated islets) prior to implantation. 

immunoprotectivity, biocompatibility , function 
and graft survival of the unencapsulated (free) islets 
compared to free-floating encapsulated islets ( in 
microcapsules only) compared to entrapped encapsulated 
islets ( in macrocapsules with microcapsules therein) were 
compared by measuring: 

(i) Daily serum glucose levels (see FIG. 2) 
\ Diabetes is induced in ra ts by STZ injection, 

injected rats are considered diabetic if serum glucose 
levels are greater than 200 mg%. Unencapsulated canine 

iluTs ( ' ree i iSlGtS) fail6d to "-tore normoglycemia (serum 
glucose levels less than 200 mg%) in the diabetic rat m 
contrast, the free floating microencapsulated islets and 
,th. macroencapsulated islets both restored normoglycemia in 
these diabetic rats by the 3rd - 4th day. By day 7, the 
free floating microencapsulated islets began to fail with 

7oTj 1UC ° S : lGVelS riSin9 ^ -iPi-ts to 

>200 mg%. In contrastf rats rece . ving gel entrap 
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microcapsules (macrocapsules) continued their normoglycemic 
state, with serum glucose levels below 100mg% (FIG. 2) . 
These in vivo studies therefore provide evidence that 
(compared to free floating microencapsulated islets) gel 
5 entrapment of microencapsulated islets prolongs graft 
survival, presumably by enhancing cytoprotectivity and 
biocompatibility . 

(ii) daily urine volume 

With onset of diabetes, urine volume increases. 

10 Following STZ injection, urine volume exceeds 30 ccs per 
day and is indicative of the diabetic state. With 
resolution of diabetes, urine volume falls to normal 
levels. Reduction in urine volume coincided with the fall 
in serum glucose, providing further evidence that graft 

15 function and survival of macroencapsulated islets was 
superior to both free unencapsulated islets and free 
floating microencapsulated islets. On day 7, urine volume 
in free floating microencapsulated group rose to diabetic 
levels (>30mls.), indicating onset of graft failure, while 

20 the rats receiving gel entrapped microcapsules (i.e., 
macrocapsules) maintained a normal level of urine output, 
indicating ongoing graft function. 

(iii) body weight 

Following STZ injections, diabetic rats lose 
25 weight dramatically. Maintenance of weight or weight gain 
is an excellent parameter of function of the transplanted 
islets. Similar to the correlation between urine volume 
and serum glucose levels, changes in body weight 
corroborated the above analysis, providing further evidence 
30 that rats receiving macroencapsulated islets retained 
normal graft function compared to graft failure in rats 
receiving free unencapsulated islets and those receiving 
free floating microencapsulated islets. Body weight 
improved significantly in the animals receiving gel 
35 entrapped microcapsules (i.e., macrocapsules), while weight 



WO 94/15589 



-38- 



loss as a result of diabetes continued in the animals with 
free unencapsulated islets and fell after day 7 in the 
animals with free floating encapsulated islets. 

(iv) glucose response to systemic glucose 
5 challenge (intravenous glucose tolerance test, IVGTT; see 
FIG. 3) 

An IVGTT provides an in vivo assessment of the 
kinetics of insulin release in response to an intravenous 
glucose challenge. By calculating the rate of fall of 
10 glucose over time, a numerical value (K-value) can be 
ascertained and compared to normal non-diabetic rats. The 
more rapid the fall in serum glucose following the glucose 
challenge, the higher the K-value. The fall in serum 
glucose in response to an intravenous glucose challenge was 
15 studied in both the rats receiving macroencapsulated and 
free floating microencapsulated islets. Serum glucose was 
measured at 1, 4, io, 20, 30, 60 * 90 minutes following an 
intravenous injection of o.5cc per kg of 50% dextrose. As 
can be seen in FIG. 3, following the intravenous glucose 
20 infection, serum glucose rose to 489 mg % in the 
macroencapsulated group, and then fell rapidly to normal 
levels within 10 minutes, indicating an excellent in vivo 
insulin response to the systemic glucose challenge. 
K-value (which represents the % fall of glucose over time) 
an these animals was normal (3.81 ± 0.56). This unexpected 
rapid insulin response corroborates the in vitro findings 
described in Example 8, i.e., that alginate gel entrapped 
microcapsules respond rapidly to a glucose stimulus, and 
provides further evidence that a potential advantage of 
3 0 alginate gel entrapment is electrostatic repulsion of 
negatively charged insulin from within the capsule, and 
hence rapid physiological fall in glucose in response to a ' 
systemic challenge. 
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Th e K values of the rats receiving macrocapsules 
were significantly better (K=3.8 ± 0.56) than the rats 
receiving free floating encapsulated islets (K=0.6 ± 0.73), 
indicating loss of graft function in the rats receiving 
5 free-floating encapsulated islets. Since the islets 
transplanted into both groups were from the same canine 
donor, and the volume of islets employed were identical, 
this difference in response reflects the improved 
immunoprotectivity of the macrocapsule. 

In a separate experiment, free floating 
encapsulated canine islets were transplanted into diabetic 
rats and IVGTT performed in these recipients while graft 
function was normal (serum glucose less than 100 mg%) . As 
can be seen in FIG. 4, the serum glucose fell to normal 
levels following the intravenous injection of dextrose only 
after 30 minutes (K value 2.4 ±0.9) compared to the more 
rapid fall of glucose (within 10 minutes) in the rats 
receiving macroencapsulated islets (K value 3.81 ± 0.56) . 

From the above-described in vivo studies, it can 
20 be concluded that: 

(i) gel entrapment of microencapsulated islets 
does not decrease the rate of diffusion of 
insulin in response to a glucose stimulus 
both in vitro and in vivo; 
25 (ii) gel entrapment of microencapsulated islets 

in fact enhances insulin release; and 

(iii)gel entrapment of microencapsulated islets 
prolongs graft function. 
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Example io 

Retrieval of Gel Entrapped M icroencapsulated Ts1p1-«. 

Gel entrapped microencapsulated islets were 
implanted into STZ induced diabetic rats and followed for 
14 days. Normal serum glucose levels were achieved within 
3 days, and was maintained for the entire observation 
period. on the 14th day, the macrogelled encapsulated 
islets were retrieved and examined microscopically. 

As observed by photomicrograph, viable intact 
Islets within entrapped microcapsules were found with no 
evidence of cellular overgrowth of the outer surface layer 
of the macrogel. A photomicrograph (l00x) of a 

macrocapsule containing canine islets according to the 
present invention retrieved from the peritoneal cavity of 
an STZ-diabetic Lewis rat 14 days after implantation 
demonstrates a smooth surface on the outer exposed layer of 
the macrocapsule, with no evidence of cellular overgrowth 
Encapsulated viable individual canine islets can be seen 
contained within the macrocapsule. At the time of 
retrieval, this diabetic rat was normoglycemic. 



Serum glucose levels were monitored in the rat 
following retrieval of the macrogelled encapsulated islets 
As can be seen in FIG. 5, within 24 hours after retrieval 
of the macrocapsule serum glucose levels rose to greater 
25 than 2X)0 mg%, indicating that the macrogelled encapsulated 
islets was responsible for normalization of the serum 
glucose, an d providing further evidence of the 
immunoprotectivity and biocompatibi lity C f the 
macrocapsule. 



30 



From these studies, it can be concluded that: 

(i) gel entrapment provides a smoother outer 
surface, a reduced exposed surface are£j ^ 
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biocompatibility than free floating microencapsulated 
islets. 

(ii) gel entrapment increases the mechanical 
stability of encapsulated islets and provides a retaining 
5 matrix even if the individual capsules were to break. 

Example 11 

Alleviation of Diabetic Symptoms in a Spontaneous 
Diabetic Dog Implanted with Invention Macrocapsules 

A spontaneous diabetic dog having the. classical 
symptoms of Type I Diabetes mellitus. at the time of 
diagnosis, i.e., clinical signs such as polyuria, 
polydipsia, polyphagia, weight loss, persistent fasting 
hyperglycemia (i.e., blood glucose >250 mg/dl) , persistent 
glycosuria, and the need for 1-2 daily injections of 
insulin to prevent rapid decompensation, was chosen as a 
recipient for transplantation of a macrocapsule of the 
invention (containing a plurality of microencapsulated 
islets) . 

Islets from a healthy canine donor were isolated 
20 employing conventional methods (e.g., collagenase 
digestion) . Islets were then microencapsulated as 

described above (see, for example. Example 6), in 
convent iona 1 alginate-PLL-a lg ina te microcapsules 
(approximately 600 microns in diameter). The microcapsules 
25 were then further entrapped (i.e., encapsulated) into 
macrocapsules (spherical beads about 4 000-8000 microns) of 
ionically crosslinked alginate by extrusion of a suspension 
of microcapsules in an alginate solution into a bath 
containing calcium chloride. Approximately 60-80 

30 microcapsules were entrapped within a single macrocapsule. 

Prior to transplantation, the dog had been 
maintained on a regimen of 12 Units of insulin per day. 
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The transplantation was performed under general anaesthesia 
through a 1.5 ventral midline incision, and the 
macrocapsules aseptically introduced into the peritoneal 
cavity through a stainless steel funnel. The dog received 
a transplant dose of about 20,000 islets/kg body weight. 
The incision was then closed by sutures. a regimen of 
prednisolone was maintained for 14 days post-transplant as 
an anti-inflammatory. Fasting blood glucose, plasma 
C-peptide, urine output and body weight were measured daily 
for the first 14 days post-transplant/ and every 7 days 
thereafter. Intravenous glucose tolerance tests (IVGTT) 
Were performed 7 days prior to transplantation, 14 and 30 
days post-transplantation, and every 30 days thereafter. 

All measured parameters returned to normal non- 
diabetic values within three days after transplantation. 
Blood glucose was maintained well below 200 mg/dl, and the 
dog remained euglycemic for >150 days following 
transplantation, without the need for any exogenous 
insulin. ivgtt results were normal and showed rapid 
glucose clearance following challenge with a bolus of 
glucose. 



25 
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Example 12 

Reversal of HPpatic Defici^ y b y Transplantation of 
Encapsulate d Hepat .ocvtes in a Gunn Rat Mod^l 

Homozygous Gunn rats having a deficiency of the 
liver enzyme uridine diphosphate glucuronyl transferase 
(UDPGT) and resultant elevated serum bilirubin levels (a 
condition commonly known as jaundice) were chosen as a 
model of hepatic deficiency. Heterozygous Gunn rats which 
carry the abnormal gene, but are free from jaundice were 
chosen as the donors of hepatocytes for cellular 
transplant. 
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The donor liver was cannulnted via the portal 
vein with silicone tubing (i.d. 0.0 .3 inch, o.d. 0.047 
inch) and perfused with 100 ml of 0.05% collagenase (Sigma, 
Type IV) in 15 minutes. The hepatocytes were then 
5 harvested into a sterile beaker and washed three times with 
RPMI medium. Viability of the isolated hepatocytes was 
tested by acridine orange/propidium iodide staining and 
found to be greater than 80%. 

The hepatocytes were encapsulated into 
10 conventional alginate-PLL-alginate microcapsules as 
described above. These microcapsules were further 

entrapped (or encapsulated) in spherical macrocapsules of 
ionically crosslinked alginate (as described above. 
Approximately 50-100 microcapsules were entrapped in a 
15 single macrocapsule. Each recipient received ~10 7 

encapsulated hepatocytes. The macrocapsules were implanted 
in the peritoneal cavity of the recipients. 

Prior to transplantation, recipient bilirubin 
levels were 5. 3 ± 0.3 mg% . By the second week post- 
20 transplantation, serum bilirubin levels were reduced to 
2.05 ± 1.05 mg%, which was significantly lower than pre- 
transplant levels. These reduced levels were maintained 
for an average of 73 ± 4 days. All recipients received 
cyclosporin A as an anti-inflammatory (10 mg/kg, i.e., at 
25 levels lower than required to prevent immune rejection. 
Thus, the feasibility and efficacy of the macrocapsule of 
the invention is demonstrated for in vivo transplantation 
of hepatocytes. 

While the invention has been described in detail 
30 with reference to certain preferred embodiments thereof, it 
will be understood that modifications and variations are 
within the spirit and scope of that which is described and 
claimed . 
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We claim: 



1. 



A macrocapsule for encapsulating biologically 
active materials, said macrocapsule comprising: 

a plurality of microcapsules surrounding biologically 
active materials, wherein said microcapsules are formed of 
a biocompatible gel; wherein said microcapsules are 
optionally treated with an immunoprotective coating; 

wherein said macrocapsule contains therein a plurality 
of said microcapsules, and wherein said macrocapsule is 
formed of a biocompatible gel. 

2. A macrocapsule according to claim l wherein said 
biocompatible gel is selected from covalently and/or 
ionically crosslinkable alginate, covalently crosslinkable 
linear or branched chain PEG, mixtures of different 
molecular weight covalently crosslinkable linear or 
branched chain PEG, combinations of alginate and PEG, as 
well as mixtures of any two or more thereof. 

3. A macrocapsule according to claim l wherein said 
immunoprotective coating is a polycatic 



Lon. 



4. A macrocapsule according to claim 3 wherein said 
polycation is polylysine. 

5. A macrocapsule according to claim 1 wherein said 
microcapsule has a solid gel core. 

6. A macrocapsule according to claim 1 wherein said 
macrocapsule has a solid gel core. 

7. A method of making a macrocapsule for 
encapsulating microcapsules, said method comprising: 

suspending a plurality of microcapsules, each 
containing biologically active material therein in a 
covalently and/or ionically crosslinkable biocompatible 
gelling material in liquid form; 
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disposing said suspended microcapsules in a 
predetermined shape and covalently and/ or ionically 
crosslinking said gelling material. 

8. A method of treating a patient for diabetes 
comprising implanting a macrocapsule according to Claim 1 
in a defined area of said patient, wherein said 
macrocapsule contains microcapsules comprising islets. 

9. A method according to claim 8, further comprising 
removing said macrocapsule from said patient when it is no 
longer effective and replacing it with a new macrocapsule. 

10. A macrocapsule according to claim 1 wherein said 
macrocapsule is formed in the shape of a cylinder, sphere, 
disc, flat sheet, wafer or dog-bone. 

11. A delivery system for pharmacologically active 
agents comprising a macrocapsule according to claim 1, 
wherein said biologically active material is a 
pharmacologically active agent. 

12. A delivery system for pharmacologically active 
agents comprising a macrocapsule according to claim 1, 
wherein said biologically active material is a living cell. 

13. A macrocapsule according to claim 1 wherein the 
alginate is high G alginate. 

14. A macrocapsule according to claim 1 wherein said 
macrocapsule comprises a plurality of alginate/PLL/alginate 
microcapsules . 
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15. A macrocapsule according to claim 14 wherein said 
plurality of alginate/PLL/alginate microcapsules are 
entrapped in: 

ionically and/or covalently crossl inked alginate; 
covalently crosslinked linear or branched chain 

polyethylene glycol; or 
mixtures thereof. 

16. A macrocapsule according to claim 1 wherein said 
biocompatible gel is linear or branched chain polyethylene 
glycol having a molecular weight ranging from 200 to 
1,000, 000. 

17. A macrocapsule according to claim 1 wherein said 
alginate is ionically crosslinked with a polyvalent cation. 

18. A macrocapsule according to claim 1 wherein said 
microcapsules are entrapped in: 

ionically and/or covalently crosslinked alginate; 
covalently crosslinked linear or branched chain 

polyethylene glycol; or 
mixtures thereof. 

19. A macrocapsule according to claim 18 wherein the 
biocompatible material from which said macrocapsule is 
prepared comprises covalently crosslinkable linear 
branched chain polyethylene glycol. 



or 



20. a macrocapsule according to claim 18 wherein the 
biocompatible material from which said macrocapsule is 
prepared comprises a combination of ionically and/or 
crosslankable alginate and/or covalently crosslinkable 
5 linear or branched chain polyethylene glycol. 



21. A macrocapsule having biologically active 

iy 



materials encapsulated therein, wherein said biological 
active materials are surrounded by a biocompatible gel. 
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